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Photosystem I (PSI) is a membrane protein complex that catalyzes sunlight-driven transmembrane electron
transfer as part of the photosynthetic machinery. Photosynthetic organisms appeared on the Earth about
3.5 billion years ago and provided an essential source of potential energy for the development of life. During
the course of evolution, these primordial organisms were phagocytosed by more sophisticated eukaryotic
cells, resulting in the evolvement of algae and plants. Despite the extended time interval between primordial
cyanobacteria and plants, PSI has retained its fundamental mechanism of sunlight conversion. Being prob-
ably the most efficient photoelectric apparatus in nature, PSI operates with a quantum efficiency close to
100%. However, adapting to different ecological niches necessitated structural changes in the PSI design.
Based on the recently solved structure of plant PSI, which revealed a complex of 17 protein subunits and
178 prosthetic groups, we analyze the evolutionary development of PSI. In addition, some aspects of PSI
structure determination are discussed.Introduction
Photosystem I (PSI) is a large membrane protein complex that
catalyzes the first step of oxygenic photosynthesis performed
by plants, green algae, and cyanobacteria. PSI captures sunlight
through a highly sophisticated pigment network and uses the
energy to perform light-driven transmembrane electron transfer.
Being one of the most elaborated membrane complexes, PSI
operates with the unprecedented photochemical quantum yield
of close to 1.0 (Nelson and Yocum, 2006). For this reason, it is
regarded as themost efficient light capturing and energy conver-
sion device in nature. As such, it is studied by many groups from
a very wide spectrum of disciplines, providing attractive expec-
tations for the sun energy utilization andmanufacturing of photo-
sensors in the future (Lewis, 2007; Carmeli et al., 2007; Terasaki
et al., 2007).
Structurally, plant PSI consists of two membrane complexes:
the core complex, also referred to as the reaction center (RC)
complex, where the bulk of the light capturing and the charge
separation reaction take place, and the light-harvesting complex
I (LHCI), which serves as an additional antenna system thatmaxi-
mizes light harvesting by collecting solar radiation and transmit-
ting the energy to the core complex (Chitnis, 2001). In this review,
we refer to plant PSI as the PSI-LHCI supercomplex. The super-
complex is composed of 19 currently known protein subunits
and approximately 200 noncovalently bound cofactors spread
between the core complex and the LHCI (Jensen et al., 2007).
Plant PSI-LHCI is much larger than its cyanobacterial counter-
part, which doesn’t contain LHCI and consists of 12 subunits
and 127 cofactors (Jordan et al., 2001; Fromme et al., 2001).
Of particular note is that in unicellular green algae, whose lineage
diverged from land plants over 1 billion years ago, LHCI is about
three times larger than that of higher plants (Germano et al.,
2002; Kargul et al., 2003). In this paper, we will review the struc-
tural modality of PSI during 3.5 billion years of evolution, from
primordial deep ocean habitants to sophisticated green plants,Stand point out its contribution for development of the terrestrial
life on Earth.
Functionally, PSI catalyzes the light-driven electron transfer
from the soluble electron carrier plastocyanin, located at the
lumenal side (inside) of the thylakoid membrane, to ferredoxin,
at the stromal side (outside) of the natural photosynthetic
membrane (Bengis and Nelson, 1977). This multistep electron
transfer is launched by PSI through a series of redox cofactors
located in the heart of the core complex, the electron transport
chain (ETC). The ETC consists of organic and inorganic portions.
The organic portion is represented by six chlorophylls and two
phylloquinones, arranged in two branches, and the nonorganic
portion is composed of three Fe4S4 clusters. The excitation
energy for the function of the ETC is delivered from the LHCI
via the core complex pigment (chlorophylls and carotenoids)
network. A fascinating feature of the PSI ETC is that it generates
probably the most powerful reductant of any of the natural
systems studied thus far (Brettel and Leibl, 2001).
Many spectroscopy techniques, including electron paramag-
netic resonance and Fourier transform infrared spectroscopy,
as well as other methods that measure changes in optical
absorption, have provided a wealth of information regarding
the key elements of PSI energy conversion (Stehlik, 2006; Thur-
nauer et al., 2006; Breton, 2006; Lubitz, 2006; Rappaport, 2006;
Savikhin, 2006). However, from a structural biology point of view,
the atomic-resolution model, which provides a template for
understanding the mechanism of the unprecedented high
quantum yield of PSI in light capture and electron transfer,
remains the ultimate goal. Recently, we made significant prog-
ress toward this goal by solving the intact structure of the
plant PSI-LHCI supercomplex at 3.4 A˚ resolution (Amunts
et al., 2007). This three-dimensional description laid the founda-
tion for further structural analysis, which is presented in this
review. However, we will first describe briefly how the structure
of plant PSI was achieved and discuss some of the biochemicalructure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 637
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nation.
Step by Step toward Atomic Resolution
The plant PSI core was isolated from Swiss chard leaves, puri-
fied, and characterized with respect to subunit composition for
the first time in 1975 (Bengis and Nelson, 1975). It took another
5 years before the first report of a purified intact PSI-LHCI super-
complex from pea plants was published (Mullet et al., 1980).
Since then, PSI has presented a formidable challenge to struc-
tural biologists. A milestone of these efforts was the elucidation
of the X-ray structure of the purple bacterial RC by Deisenhofer
et al. (1985). This significant achievement represented a turning
point in membrane protein crystallization history and spurred
many structural biologists to pursue the structure of large
membrane proteins. For the recent review of structure determi-
nation of photosynthetic complexes, please see Allen et al.
(2009). With regard to PSI isolated from higher plants, the first
direct significant structural information was obtained by elec-
tron microscopy of single particles and cryoelectron crystallog-
raphy of 2D crystals. Single particle analysis showed mono-
meric particles without apparent symmetry (Boekema et al.,
1990). Further 2D crystallization of spinach PSI yielded a projec-
tion map of about 25 A˚ resolution (Kitmitto et al., 1998),
revealing the overall shape of the complex with a high-density
domain on the stromal side, which was hypothesized to contain
extrinsic polypeptides. Additional studies have suggested that
these stromal polypeptides are a binding site of the electron
acceptor ferredoxin (Ruffle et al., 2000) and also proposed
a docking region for the mobile electron donor plastocyanin
on the opposite side of the complex (Ruffle et al., 2002). Impor-
tantly, these studies of plant PSI could not have occurred
without a significant progress in the cyanobacterial PSI struc-
ture elucidation (Krauß et al., 1993, 1996; Schubert et al.,
1997; Klukas et al.,1999a, 1999b).
An additional important step toward a more detailed PSI
model was achieved by comparing projection maps from
different species (plants, algae, and cyanobacteria). This yielded
insights into the arrangement of antenna proteins and the sub-
unit composition of the PSI core (Boekema et al., 2001a; Ger-
mano et al., 2002; Kargul et al., 2003; Vacha et al., 2005). On
the basis of these studies it was concluded that LHCI binds to
the core on only one side of the complex.
In spite of these breakthroughs, the X-ray structural analysis of
plant PSI remained elusive for years, due to the complex’s size
and location in a membranous environment. To avoid any distur-
bances during the crystal growth process, researchers even at-
tempted to crystallize cyanobacterial PSI under microgravity
conditions in outer space, during four missions of the Space
Shuttle Columbia, from 1995 to 2003 (Fromme and Mathis,
2004). The two major breakthroughs in unraveling PSI were the
elucidations of the 2.5 A˚ resolution X-ray crystal structure of
the trimeric PSI from cyanobacteria (Thermosynechococcus
elongatus) (Jordan et al., 2001) and the 4.4 A˚ resolution intact
PSI-LHCI supercomplex from pea (Pisum sativum) (Ben-Shem
et al., 2003). For the first time, the subunit composition, as well
as the architecture of the cofactors and the antenna system,
was identified. Plant PSI-LHCI was not only the first structure
of a plant membrane protein to be solved by X-ray crystallog-638 Structure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserveraphy, it was also the first membrane supercomplex to be solved
by this method, and it provided additional intriguing insights to
those yielded by its cyanobacterial counterpart. However, the
4.4 A˚ resolution was limited to the main structural elements
only, leaving some uncertainty with regard to important features.
In-depth characterization of the protein samples and detailed
analysis of purification procedures (Amunts et al., 2005) enabled
optimization of crystallization conditions, which yielded
improved crystal quality, resulting in the recent structural model
at 3.4 A˚ resolution (Amunts et al., 2007). The current crystal
structure confirmed essential findings from the previous, low-
resolution model and at the same time revealed additional
insights that had not been previously possible.
However, the 3.4 A˚ resolution data of plant PSI-LHCI still has
severe limitations. The structural data for the peripheral areas
remain poor and don’t provide structural legitimacy for fine
details; thus, they should be used carefully because movement
of polypeptides or cofactors could lead to erroneous conclu-
sions.
Making Order out of Chaos
Plant PSI-LHCI structure determination was complicated by
a number of factors, including dependence on plant growth
conditions, elasticity of the supercomplex, interaction of crystals
with the plastic of the wells, and crystal polymorphism. We
analyzed every stage of the process, from plant germination to
evaluation of the damage caused to crystals by exposure to
X-rays. Among others, it was found that the cryoprotecting
solution has a major effect on the diffraction quality. The signifi-
cant improvement in the diffraction quality was achieved by
a controlled dehydration process. Dehydration was performed
by soaking the crystals in gradually increasing concentrations
of the precipitating agent. Once the crystals had achieved the
maximum size at the crystallization droplet containing 5%
PEG 6000, they were relocated over a reservoir with up to 40%
PEG 6000 throughout several intermediate steps, each one
with an incubation time of up to 24 hr. This postcrystallization
soaking shrank crystals to the apparent minimum of variable
unit-cell dimensions, decreasing the cell volume by about
30%, from 3.56 [m8]3 to 2.4 [m8]3. The final solvent content
in the crystal was reduced to 48%, resulting in very dense crystal
packing with close contacts between adjacent molecules, as
shown in Figure 1. This procedure also reduced the level of
crystal polymorphism, improving the reproducibility of better dif-
fracting crystals. However, excess shrinkage could have lead to
some distortions in the structure of peripheral portions of the
supercomplex.
In spite of all of these improvements, most of the plant PSI-
LHCI crystals did not diffract below 6 A˚ and solving the intact
crystal structure by X-ray analysis required screening of approx-
imately 10,000 crystals over the last 4 years. Hundreds of crys-
tals had to be screened on every synchrotron visit to identify
those that diffracted substantially better than others. Moreover,
severe radiation damage allowed only 10–20 frames to be
collected per portion of the crystal. This, in conjunction with rela-
tively small crystal sizes, did not permit a complete data set
collection from a single crystal. Fine beam focusing was neces-
sary to reduce radiation damage and to allow shifting of the X-ray
beam a few times per crystal. An additional major problem wasd
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PSI crystals exhibit the P21 space group with one molecule in the asymmetric unit, shown in red cartoon with green chlorophylls. Some of the close contacts with
symmetry-relatedmolecules (white) are highlighted. The contact regions are shown in sticks coveredwith 2F0–FC electron densitymap. All figures weremade and
rendered with PYMOL (DeLano, 2002).crystal polymorphism; unit-cell size varied by as much as 7 in
one angle and up to 10 A˚ in each dimension. Polymorphism
was not restricted to between different crystals, but the diffrac-
tion parameters varied greatly within the same crystals as well.
This required collection of large amounts of data to allow the
completion of one single full set of data with isomorphous
parameters and reasonable statistics. Eventually, data from ten
different crystals had to be merged for a sufficient structure
determination with reasonable crystallographic statistics.
After each cycle of refinement, the model was manually rebuilt
on the basis of the resultant 2F0–FCmaps, validation restrictions,
biochemical evidence, and common sense. Restrained indi-
vidual B factor refinement was not performed until the last cycle.
Conclusively, iterative cycles of model building and refinement
yielded an almost 30,000 atom model, with considerable Rcryst/
Rfree values (35%/40%), including the newly identified 9.5 kDa
subunit (PsaN). The final model of 2909 residues, 168 chloro-
phylls, 3 Fe4S4 clusters, and 5 carotenoids provides the most
complete available description of a plant PSI-LHCI supercom-
plex. However, even at 3.4 A˚ resolution, several carotenoids
and even polypeptides escaped detection; the entire supercom-
plex is expected to contain over 20% more atoms. Thus, the
atomic-resolution model remains highly desired.StThe Macroscopic Architecture of Plant PSI-LHCI
Plant PSI-LHCI occurs as a monomer in the crystalline state as
well as in vivo. The overall structure, shown in Figure 2, has a
maximal height of 100 A˚ and diameter of 185 A˚ and 150 A˚.
In the electron density map, 17 biochemically characterized and
sequenced protein subunits were identified. Crystallized PSI-
LHCI supercomplex contains 13 protein subunits that transverse
the thylakoid membrane (PsaA, PsaB, PsaF, PsaG, PsaH, PsaI,
PsaJ, PsaK, PsaL, and Lhca1–4) comprising 45 transmembrane
helices, 3 stroma-exposed subunits (PsaC, PsaD, and PsaE),
and 1 luminal subunit (PsaN). 168 chlorophylls were identified
in the structure; for 65 of them, the orientations of the head
groups were determined, leading to the assignment of the QX
and QY transition dipolar moments. In addition, the three Fe4S4
clusters, two phylloquinones, and five carotenoids were
modeled. The overall of 178 cofactors located in plant PSI-
LHCI contributes about 30% of the total molecular mass of
600 kDa. Apart from the functional importance of numerous
cofactors, they play an important part in the structural integrity
of the complex. The role of the carotenoids in photosynthesis
is more complex compared to other prosthetic groups of PSI-
LHCI. There are at least threemain functions of carotenoids, light
harvesting, photoprotection, and structure stabilization, whichructure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 639
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Each individual of 17 protein subunits is colored differently. Positions of several subunits are indicated. Molecule dimensions are specified in amperes.
(A) View from the lumen. Chlorophylls and amino acids are shown in transparency. LHCI is comprised of Lhca1–4 chlorophyll binding proteins, assembled in a
half-moon shape onto the RC. Binding of LHCI to RC is asymmetric, namely, much stronger on the PsaG pole than on the PsaK pole. PsaH prevents the trimeriza-
tion of PSI.
(B) View perpendicular to the membrane normal. Chlorophylls of LHCI are blue, gap chlorophylls are cyan, the rest of RC chlorophylls are green. The PsaC/D/E
ridge forms a ferredoxin docking site. PsaF involved in the binding of plastocyanin. PsaN is found to interact with Lhca2/3.were excellently reviewed by Frank and Cogdell (1996).
However, until most of the expected 30 carotenoids are
assigned it will not be fruitful to discuss their functional arrange-
ment in plant PSI.
PSI from pea plants was isolated, purified, and crystallized as
the intact supercomplex of the core complex and LHCI complex
(PSI-LHCI) that captures light and guides its energy to the reac-
tive site. In the following sections, we explore key structural and
functional properties of the two complexes in the context of
evolutionary forces.
The Core Complex
In general, the core complex of plant PSI retains the protein back-
bone and coordination sites of chlorophylls at locations similar to
those found in cyanobacterial PSI (Jordan et al., 2001; Fromme
et al., 2001; Amunts and Nelson, 2008). However, more than
a billion years of separate evolution has shaped some key modi-
fications of these representatives of two kingdoms as dictated by
their different ecological niches and will be discussed here.
The central part of the core complex is formed by the hetero-
dimer of the two large transmembrane protein subunits PsaA
and PsaB, comprising 22 transmembrane helices. This funda-
mental core evolved from a homodimeric ancestor (Tittgen
et al., 1986; Bu¨ttner et al., 1992; Liebl et al., 1993), originated
from gene duplication of an ancestral gene (Blankenship, 1992;
Ben-Shem et al., 2004). The N termini of both subunits are stro-
mally exposed, whereas the C termini are located on the lumenal
side. The membrane integral parts preserve the local pseudo-
symmetry, which relates PsaA to PsaB and extends to chloro-
phyll locations as well. The loop regions contain short, 5–11640 Structure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserveamino acid, helical elements, which also coordinate about 30
antenna chlorophylls. These loop regions on the lumenal side
are generally more extended than the loops on the stromal
side, shielding the cofactors from the aqueous phase. The
PsaA/B heterodimer coordinates most of the ETC cofactors
and overall 80 chlorophylls that function as the intrinsic light-
harvesting antennae.
Binding Sites of Soluble Electron Carriers
The stromal loops of PsaA and PsaB associate the three stromal
subunits PsaC, PsaD, and PsaE, which are closely linked to one
another, forming a binding groove for the electron acceptor
ferredoxin. Flash absorption spectroscopy has revealed two
different kinetic phases in the reduction of soluble ferredoxin
by PSI, with half-times of approximately 500 ns and 20 ms
(Fischer et al., 1999). Thus, the existence of two distinct ferre-
doxin binding states, a tight and a loose bound, was suggested.
Figure 3 depicts these putative docking sites, based on site-
directed mutagenesis studies (Hanley et al., 1996; Fischer
et al., 1998, 1999; Bottin et al., 2001; Se´tif et al., 2002). The ratio
of kinetic phases shows marked differences between plant and
cyanobacterial PSI, indicating that the docking site may have
been further optimized by plants. Available biochemical data
suggest that in plants the reduced ferredoxin moves directly to
ferredoxin:NADP+ oxidoreductase (FNR), which was suggested
to interact with the stroma-exposed region of PSI-LHCI (Vallejos
et al., 1984; Matthijs et al., 1986; Andersen et al., 1992).
However, in cyanobacteria, no direct interaction between PSI
and FNR has been reported; therefore, after the reduction by
PSI, ferredoxin is expected to diffuse away toward FNR. This
modification of the photosynthetic apparatus may have beend
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On the top panel the enlarged region is depicted by the red quadrangle. The surface of the ferredoxin binding site is shown from the stroma. PsaC, PsaD, and
PsaE are colored by amino acid charge as follows: white for neutral, red for negative, and blue for positive. Conserved amino acids between plant and cyano-
bacterial PSI are shown in transparency. Unique amino acids, located on the surface, are highlighted. The proposed tight and loose bound binding sites are
shown by ellipses. FB cluster, the electron donor for ferredoxin, is shown in spheres (Fe, red; S, yellow). FB is located 4 A˚ beneath the shown surface of
PsaC. On the left, cyanobacterial ferredoxin-docking site. The part of unique PsaE loop, which is the most close to FB, is shown in sticks. The putative loose
binding site (red ellipse in cyanobacterial PsaD) involves Thr32 and Asn78. The rest of cyanobacterial PSI is shown in red cartoon. On the right, plant ferre-
doxin-docking site. The tight bound binding site (blue ellipse), formed by PsaC, is largely conserved. Most of changes appear to be at the putative loose binding
site (red ellipse) formedmainly by PsaD and involves stromally exposedGlu51, Tyr94, Lys97, and Tyr119, which are not present in the cyanobacterial counterpart.
The rest of plant PSI is shown in blue cartoon. The close proximity between the two sites may be important for the rapid switch between the two positions of
ferredoxin for a swift electron transfer from PSI to FNR and efficient energy utilization.caused by the environmental conditions on land to which higher
plants have adapted. The sunlight intensities, under which land
plants proliferate, are three orders of magnitude higher than
those faced by most cyanobacteria, which rely upon water to
shield them from excess radiation. Hence, considering the pres-
ence of very negative redox potential and molecular oxygen,
plants have had to adopt a swift ferredoxin-mediated electron
transfer from PSI-LHCI to FNR for efficient energy utilization.
Did PSI-LHCI, FNR, and ferredoxin evolve to operate together
as a single superunit in plants? We believe the answer is
a resounding ‘‘yes’’ and the stromal interface of the core is func-
tionally significant within this context. Ferredoxin appears to shift
between the tight PSI-bound (loose FNR bound) state and the
loose PSI-bound (tight FNR bound) state when transferring the
electron from PSI to FNR. Considering the differences in ferre-
doxin behavior between plants and cyanobacteria, one would
expect to find differences in the ferredoxin binding site on PSI.
The comparison of plant and cyanobacterial putative ferredoxin
binding sites, shown in Figure 3, reveals that the proximal dock-
ing site is well conserved. FB, the terminal Fe4S4 cluster of PSI, is
coordinated by subunit PsaC, which was also shown to be
involved directly in interactions with ferredoxin. The sequence
of PsaC from pea shows 87% identity and 95% homology
compared with T. elongatus. This represents the highest degree
of homology between the two organisms out of all of the PSI
subunits. The distal binding site of ferredoxin is expected to
involve subunits PsaD, PsaE, or both, which exhibit a significantly
lower homology. To detect the location of the distal ferredoxin
docking site while considering the kinetic differences of ferre-Strdoxin binding, we mapped the differences between plant and
cyanobacterial sequence on the stromal surface in Figure 3.
Several unique sites were found. The most significant is located
on the PsaD surface and the sequence diverges considerably
between the two organisms, including two unique plant tyrosines
(94/PsaD and 119/PsaD) and one lysine (97/PsaD), which are
located in close proximity to the tight binding site formed by
PsaC and point outward toward the interface between the two
subunits (Figure 3). This may contribute to the design of the distal
docking site of ferredoxin and support differences of the kinetic
measurements. In addition, the cyanobacterial PsaE subunit
contains a unique loop that lies between Gly-47 and Gly-54.
However, as shown on the left panel of Figure 3, this loop is
mostly buried and unexposed to the binding site of ferredoxin;
thus, it may be related to the thermostability of PSI from
T. elongatus (Jolley et al., 2005). Yet we cannot exclude the
possibility of relative movement of the loop and its involvement
in ferredoxin binding.
In cyanobacteria, decreased availability of ferredoxin due to
iron deficiency and environmental stress is compensated for
by the induction of the isofunctional electron carrier flavodoxin,
a flavin-containing protein not found in plants (Erdner et al.,
1999; Mazouni et al., 2003; Singh et al., 2004). Interestingly,
transgenic tobacco (Nicotiana tabacum) plants expressing the
cyanobacterial flavodoxin gene in chloroplasts grow in iron-
deficient media, which would severely compromise the survival
of wild-type plants (Tognetti et al., 2007). Furthermore, they dis-
played increased tolerance to multiple sources of stress
(Tognetti et al., 2006; Zurbriggen et al., 2007). This indicatesucture 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 641
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On the top left panel, the enlarged region is depicted by the red quadrangle. View from the lumen. Blue, plant PSI; red, cyanobacterial PSI. PsaF is shown as
ribbon. The extra helix-loop-helix N-terminal domain of plant PSI is shown as ribbon and transparent surface. Concentration of positively charged plant unique
residues is highlighted and depicted with an ellipse. Subunit PsaF is indicated and the rest of the subunits are illustrated in cartoon.that cyanobacterial flavodoxin can compensate for plant ferre-
doxin decline during episodes of iron deficiency, partially pro-
tecting photosynthesis from inactivity. In the future, this could
provide a means of designing plants that are able to survive in
iron-poor land. This successful and promising study also raises
the question of why flavodoxin was lost from the plant genetic
pool in spite of its proven advantage. The evolutionary argument
is based on two tenets: (1) iron availability was the major imper-
ative for flavodoxin conservation and adaptive value and (2)
photosynthetic eukaryotes followed a succession of ecological
adaptations, from the open oceans to coastal regions, and
from there to the firm land, and faced very different scenarios
in each landscape with respect to iron abundance and accessi-
bility. For more details please see the latest review by Zurbriggen
et al. (2008).
Very recently, a cyanobacterial PSI was cocrystallized with
ferredoxin, and was solved at 3.8 A˚ resolution (Fromme et al.,
2008). This structure may unravel key elements of PSI-ferredoxin
interactions.We believe that a cocrystallization of cyanobacterial
PSI with flavodoxin, as well as plant PSI-LHCI with ferredoxin
and FNR, is also an achievable goal and would shed light
on important evolutionary processes; therefore, it certainly
deserves further research.
An additional element of plant PSI-LHCI, which was shaped
and refined by the natural selection, is the binding site of the
electron donor plastocyanin. The electron transfer between
copper-containing plastocyanin and plant PSI-LHCI is two
orders of magnitude faster than in cyanobacteria (Hippler
et al., 1996). Crosslinking studies and reverse genetics experi-
ments have established that this kinetic improvement is associ-
ated with the lumenal exposed region of PsaF (Hippler et al.,642 Structure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserve1999). Plant PsaF is a transmembrane protein with a large
N-terminal luminal domain that contains an additional 18 amino
acid extension not found in cyanobacteria. Site-directed muta-
genesis studies have determined that several positively charged
residues in this region, as well as the acidic patch on plastocy-
anin (Hippler et al., 1998), are vital for the formation of the
PSI-plastocyanin complex. Superposition of the plastocyanin
docking site in Figure 4 reveals that the N-terminal loop of
PsaF is indeed much longer in plants than in cyanobacteria.
This extra N-terminal domain forms an amphipathic helix-loop-
helix motif on the lumenal side of the thylakoid membrane, rich
in several positively charged amino acid residues pointing
directly into the lumen; this provides the electrostatic recognition
of plastocyanin and contributes to themore stable PSI-plastocy-
anin complex in plants.
In cyanobacteria, but not in plants, under copper-deficiency
conditions, plastocyanin can be functionally replaced by an
alternative redox carrier, the iron-containing protein cytochrome
c6 (Ho and Krogmann, 1984; Merchant and Sawaya, 2005). This
fact may also contribute to the structural differences shown in
Figure 3. Cytochrome c6 may have first evolved at a time when
iron was far more available than copper because of the reducing
nature of the Earth’s atmosphere (Williams and Frau´sto da Silva,
1997). As the atmospheric molecular oxygen concentration
began to rise due to photosynthetic activity, the relative bioavail-
ability of iron and copper declined and rose, respectively. Hence,
the iron-containing cytochrome c6 was replaced by the copper-
containing plastocyanin (De la Rosa et al., 2002). Interestingly,
the basic patch of PsaF is also found in PSI from the eukaryotic
green alga Chlamydomonas reinhardtii, which use both plasto-
cyanin and cytochrome c6 as electron donors to PSI (Hipplerd
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domain from C. reinhardtii into cyanobacterial PsaF was shown
to allow efficient binding and fast electron transfer between the
algal donors and the chimeric cyanobacterial PSI (Hippler
et al., 1999). Why the positively charged N-terminal domain of
PsaF, which provides the electrostatic attraction of the donors,
did not also arise in cyanobacteria remains unclear. In this
respect, structures of PSI-plastocyanin/cytochrome c6
complexes will be highly informative for better understanding
the structural background of the electron transfer process.
Functional Significance of the PSI Oligomeric State
Although the oligomeric state of cyanobacterial PSI is a trimer,
thus far no evidence for in vivo oligomerization in higher plants
and green algae was found. To examine the functional implica-
tions of PSI oligomeric design, we will discuss the evolution of
photosynthetic organisms and the photochemical characteris-
tics of the trimeric architecture.
Extant cyanobacteria are descendents of primordial photo-
synthetic organisms that appeared about 3.5 billion years ago
in the ancient oceans of the early Earth. In the absence of an
ozone layer, these ancient life forms could not have survived
the sun’s harmful high-frequency radiation; therefore, photosyn-
thesis must have arisen in water reservoirs under considerable
aquatic protection (Nisbet et al., 1995; Mulkidjanian and Junge,
1997; Nisbet and Fowler, 1999; Rasmussen, 2000). In terms of
energy production, the photosynthetic process had an advan-
tage of a few orders ofmagnitude in size over the available oxida-
tion-reduction reactions associated with weathering and hydro-
thermal activity (Olson et al., 1985; Martin et al., 1987; Elderfield
and Schultz, 1996; De Marais, 1997, 2000). From geochemical
records and paleontological features complemented by
biochemical and molecular biology techniques it is also clear
that the ability of oxygenic photosynthetic bacteria to reduce
NADP+ to NADPH for organic biosynthesis by cleaving water
made this evolutionary innovation extremely popular (Buick,
1992; Brocks et al., 1999; Summons et al., 1999; Dismukes
et al., 2001). It freed life from its sole dependence upon abiotic
chemical sources of reducing power, such as hydrothermal
sources and weathering (De Marais, 2000). Using water as
a reductant, photosynthesis also had an infinite source of elec-
trons. This, in conjunction with constant supplies of sunlight,
moisture, and nutrients, resulted in massive production of
organic carbon and the flourishing of photosynthetic communi-
ties in the distant geological past. A side effect of this process
was the enormous increase in the production of oxygen, which
was progressively released and accumulated in the atmosphere
of the Earth, triggering a sequence of evolutionary steps and
eventually enabling the emergence of aerobic respiration, which
harnessed a more powerful metabolic energy source complex.
Another, the most significant biological innovation to be initiated
by the extreme environmental change, was the appearance of
multicellular, energy-inefficient, eukaryotic cells about 1.8 billion
years ago (Christian, 2004). These new life forms phagocytosed
primordial cyanobacteria through concomitant endosymbiosis,
which resulted in the formation of chloroplasts, special plant
cell organelles in which the process of oxygenic photosynthesis
occurs (Yoon et al., 2004). The emergence of chloroplasts
enabled communities of primitive algae to inhabit the surface
of marine areas near the shore and, supplemented by nearerStground oxygen presence, subsequently made the surface of
the Earth habitable by plants (Xiao et al., 2004; Nelson and
Ben-Shem, 2005).
To cope with the variety of light intensities to which they were
exposed on land, the photosynthetic machinery needed crucial
tuning (Nelson and Ben-Shem, 2004). The four membrane
complexes that drive the photosynthetic process, photosystem
II (PSII), cytochrome b6f, PSI, and ATP synthase, underwent a
variety of structural changes. However, the modality of PSI and
PSII exhibited to the most fundamental changes. The two avail-
able PSI crystal structures from cyanobacteria (Jordan et al.,
2001) and plants (Amunts et al., 2007) complemented by the
very recent preliminary work of Vanselow et al. (2009) on the
red algaeGaldieria sulphuraria provide the foundation for discus-
sing the evolutionary development of the PSI oligomeric state.
In cyanobacteria, PSI exists as a trimer shown in Figure 5A
(accession code 1JB0; Jordan et al., 2001), while the plant PSI
structure adopts a monomer conformation, shown in Figure 2.
In cyanobacteria, subunit PsaL is responsible for trimerization,
while in plants, subunit PsaH, located adjacent to PsaL, prevents
the contacts that are essential for trimer formation. Thus, PsaH
preserves monomer conformation of plant PSI. Comparison of
the two crystal structures also reveals that plant PSI lacks the
two subunits PsaM and PsaX (which is present mainly in thermo-
philic cyanobacteria), but contains additional subunits (PsaG,
PsaH, and PsaN), as well as four LHCI proteins. Moreover,
subunits PsaO and PsaP were identified in plants (Knoetzel
et al., 2002; Khrouchtchova et al., 2005), although they are not
present in the current structure.
What might be the functional significance of monomer preser-
vation in plants? Structurally, in PSI monomer, the peripheral
interfaces, which are involved in the trimer-maintaining interac-
tions in cyanobacteria, provide a vital interface for interactions
between plant PSI and an additional peripheral antenna, the
light-harvesting complex II (LHCII) (Lunde et al., 2000; Kourˇil
et al., 2005; Kargul et al., 2005; Takahashi et al., 2006). Function-
ally, LHCII recruiting in higher organisms is vital for regulating
photosynthetic machinery exposed to high light intensities and
photodamage on land surfaces and shallow water compart-
ments. LHCII preferentially absorbs light at spectra different
from its LHCI counterpart. In plants and eukaryotic green algae,
a mobile pool of LHCII was shown to switch back and forth
between PSII and PSI, to balance the excitation of the two photo-
systems. This phenomenon is called state transitions and it is
a vital regulatory adaptation mechanism of eukaryotes to fluctu-
ating natural environmental conditions (Allen and Forsberg,
2001; Bellafiore et al., 2005; Kargul and Barber, 2008). Several
studies have proposed that a single LHCII trimer interacts with
the PsaH/L/A/K side of PSI (Lunde et al., 2000; Kourˇil et al.,
2005; Boekema and Kourˇil, 2006). Alternatively, for C. reinhardtii
cells it was suggested that two LHCII trimers interact with
PSI-LHCI through three phosphorylated protein linkers (Kargul
et al., 2005; Takahashi et al., 2006). In Figure 5B, the model of
the PSI-LHCI-LHCII supercomplex is shown in accordance
with these latter studies. To allow LHCII to form a proper
membrane-mediated interaction with PSI, the complex must
adopt a monomeric formation.
What is the functional significance of the trimer formation in
cyanobacteria? Compared to wild-type cells, the growth ofructure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 643
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(A) The 2.5 A˚ resolution model of cyanobacterial trimeric PSI (PDB ID: 1JB0; Jordan et al., 2001) as viewed from the stromal side. Each monomer consists of
12 proteins (shown in a backbone representation in cyan) and 96 chlorophylls (green). Further pigments are two phylloquinones (blue) and 20 carotenoids
(magenta). Four lipids that have been identified in the structure are orange. The main contacts in the middle of the trimer (the trimerization domain in the yellow
circle) are provided by the three PsaL subunits of the respective monomers. The trimerization domain contains several chlorophylls that can serve as sites for
excitation energy transfer between adjacent monomers.
(B) Plant PSI-LHCI-LHCII model. The intact composition contains about 26 proteins. Unique plant PSI proteins are shown in blue and unique chlorophylls are red.
PsaG acts as an anchor point for facilitating the interaction with Lhca1–4 chlorophyll binding proteins onto the RC complex. PsaH prevents trimerization. Three
linker proteins are bound onto the PsaH side of PSI and mediate the binding of two LHCII trimers for balancing the excitation of PSI as a regulation mechanism of
fluctuating conditions, known as the state transition. LHCII trimer (PDB ID: 2BHW; Standfuss et al., 2005; Barros and Ku¨hlbrandt, 2009) is shown in red backbone
with blue chlorophylls and magenta carotenoids.T. elongatus PsaL deletion mutants, which are unable to form
trimers, is decreased by a factor of ten under low light (Fromme,
1998; Fromme et al., 2003). Considering the ecological niches of
cyanobacteria, such low light conditions reasonably correspond
to their natural habitats. Thus, the function of the trimer in cyano-
bacteria could be to provide a larger antenna system for optimal
capture of dim light. This process may be accomplished by
several chlorophylls that are organized around PsaL and
generate pigment-pigment interactions (Figure 5A), serving as
sites for excitation energy transfer between adjacent monomers
in a trimer (Grotjohann and Fromme, 2005). This would corre-
spond to energy exchange between the monomers, which has
been confirmed by spectroscopy (Karapetyan et al., 1999a,
1999b; Karapetyan, 2004) and is also supported by a markedly
increased absorption cross-section in the trimer configuration
(Valkunas et al., 1995; Holzwarth et al., 1998). The cyanobacterial
PSI antenna system further optimized by the development of IsiA
proteins, which form an 18-meric external ring surrounding the
PSI trimer under iron-deficient conditions (Bibby et al., 2001;644 Structure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserveBoekema et al., 2001a; Yeremenko et al., 2004), and phycobilli-
somes, which capture light at wavelengths inaccessible to the
chlorophyll-based antennae used by green algae and plants.
However, structural information of these supercomplexes
remains limited.
What is the evolutionary structural linkage between plant PSI
and its cyanobacterial counterpart? A recent study of the red
alga Galdieria sulphuraria (Vanselow et al., 2009) sheds light on
the early evolution of PSI. In Galdieria sulphuraria, the PSI
contains all the cyanobacterial subunits (excluding PsaX), but
lacks the elements of the domain essential for trimerization. It
also contains additional plant peripheral subunits (PsaN, PsaO,
and at least one light-harvesting protein). Thus, not only does
the PSI from Galdieria sulphuraria represent a link between cya-
nobacterial and plant PSI, but its core may represent the ances-
tral PSI monomer of primordial photosynthetic organisms, the
ancestors of today’s cyanobacteria and plants. This gives rise
to the hypothesis that the ancestral PSI acted as a monomer at
the onset of oxygenic photosynthesis. During the course ofd
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increasing competition for available light, caused by the emer-
gence of eukaryotic photosynthetic organisms. This event might
have subsequently led to a more optimized PSI trimer assembly
in cyanobacteria.
The LHCI Complex
The LHCI complex provides additional peripheral antenna
system to plant PSI not found in its cyanobacterial counterpart.
It is composed of chlorophyll-carotenoid binding proteins, en-
coded by the nuclear genome (Lampoura et al., 2002). The func-
tion of LHCI complex is to increase the effective absorption
cross-section of PSI and to supply the core complex with excita-
tion energy. The LHCI complex absorbs photons and delocalizes
the energy over chlorophyll molecules to the core complex,
where it is eventually funneled to the special chlorophyll dimmer,
P700, resulting in charge separation reaction and transmem-
brane electron transfer, which is discussed in the following
section. LHCI lacks any photochemical activity of its own. Exci-
tation energy transfer from LHCI to the core complex operates
on a time scale of femtoseconds to picoseconds (Sener et al.,
2005), while the transfer time between neighboring chlorophyll
molecules in LHCI has been estimated to 100–300 femtosec-
onds (Gobets and van Grondelle, 2001).
Earlier results suggested that LHCI proteins completely
surround the core complex (Boekema et al., 1990). Using the
electron microscopy, Boekema et al. (2001b) indicated that
LHCI is located on one side of the core complex and was sug-
gested to contain six to ten Lhca protein subunits. The PSI-LHCI
crystal structure, presented in Figure 2, shows that LHCI is
composed of just four polypeptides, organized in two adjacent
heterodimers (Lhca1–4 and Lhca2–3), comprising 58 chloro-
phylls, bound to the single side of the RC complex, and located
opposite to the previously discussed PsaH subunit. Each Lhca
monomer is composed of two long, tilted, intertwined transmem-
brane helices and a shorter one roughly perpendicular to the
membrane. The four monomers are arranged in a head to-tail
fashion. The binding sites for each individual Lhca protein
subunit are highly specific and their stable stoichiometry is also
confirmed by biochemical analysis (Klimmek et al., 2005; Ballot-
tari et al., 2007; Wientjes et al., 2009).
The process of LHCI assembly onto the core complex required
a principle structural adaptation. Concomitantly with the emer-
gence of PsaH subunit, additional novel subunit PsaG found
a binding site on the opposite side of the complex (Figure 2),
which is in good agreement with biochemical evidence (Varotto
et al., 2002; Jensen et al., 2002; Zygadlo et al., 2006). In the plant
PSI-LHCI crystal structure, the 11 kDa PsaG subunit forms
‘‘horseshoe’’-like topology, with its two tilting transmembrane
helices and the long loop facing the stroma. Based on the fact
that PsaG forms a helix-helix bundle with Lhca1, we suggested
the evolutionary scenario in which PsaG played a crucial role
of providing the template for the LHCI belt construction at early
stages of the plant PSI-LHCI evolvement (Amunts et al., 2008).
Lhca1–4 share a considerable amino acid sequence
homology, a similar folding, and largely parallel pigment layouts.
The natural selection shaped and advanced the structures of the
four apoproteins by adjusting their pigment orientations to maxi-
mize the rate of excitation energy transfer to the core complex;Stthus, some small but significant structural differences between
the four light-harvesting proteins are evidenced. In the cleft
between the core complex and LHCI, the ‘‘gap’’ chlorophylls
are located, providing a structural continuum between the
peripheral antennae and the core complex (Figure 6A). These
chlorophylls are not directly coordinated by Lhca1–4, but act
as stabilizing ‘‘green glue,’’ facilitating the efficient excitation
energy transfer between the two complexes.
A large body of biochemical experiments, spectroscopic
studies, molecular dynamics simulations, and homology
modeling approaches were implemented to bring to light the
characteristics of Lhca’s heterodimers (Giuffra et al., 1996;
Schmid et al., 1997, 2002; Naqvi et al., 1997; Croce et al.,
1998; Corbet et al., 2007). Most of these essential studies were
confirmed by the X-ray crystal structure. Yet, this part of plant
PSI supercomplex remains the least determined in the crystal
structure. Not only did the electron density map not allow unrav-
eling of the dimerization-forming interactions, but orientations of
chlorophyll head groups as well as locations of predicted luteins
and violaxanthins are not yet determined. The main reason for
the poor structural information at this regionmay be partial occu-
pancy of Lhca proteins in the crystalline lattice due to different
assembly states of PSI-LHCI isolated from thylakoid membrane
or dissociation during the purification procedure.
A purification of native homogeneous Lhca solutions has not
yet been achieved due to the high similarity of their biochemical
properties. Thus, the major part of our current knowledge on
Lhca proteins comes from in vitro reconstitution methods.
Being highly hydrophobic proteins, Lhca proteins are overex-
pressed in inclusion bodies, and then denatured and refolded
with mixed pigments (Mozzo, 2008). However, this procedure
has significant limitations and only 10 to 11 chlorophyll mole-
cules were shown to be bound per Lhca protein, while in the
crystal structure of the intact PSI-LHCI each individual Lhca
coordinates 14 to 15 chlorophylls. Accordingly, current recon-
stitution techniques achieve only a partial cofactor and struc-
tural arrangement, while much functional information remains
obscure. Another approach, which should be considered for
deriving structural details of LHCI, is the crystallization of
Lhca1–4 and Lhca2–3 dimers from Lhca1–4 solution, which
has been biochemically detached from the PSI-LHCI super-
complex.
The ETC
Despite the high degree of complexity, PSI preserved the
capacity to operate as an almost perfect photoelectric machine,
turning on the imagination of enthusiasts. The high efficiency of
the performance of this machinery is shown in the unprece-
dented high quantum yield of close to 1.0. In other words,
each quantum of light energy collected by numerous chloro-
phylls is ultimately channeled to the specific photochemically
reactive site (P700), resulting in singlet excited-state elements
and the charge separation. This consequently induces electron
transfer reaction across the thylakoid membrane. P700 consists
of the pair of special chlorophyll dimers in the heart of PSI
(Figure 6A). Being the ultimate terminal site for the excitation
energy, originated by the sunlight, P700 becomes a highly nega-
tive reduction potential source, with an electron at a higher
energy level, and so the primary electron donor is formed.ructure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 645
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(A) Chlorophyll arrangement in plant PSI, view from the stroma. Protein backbone is shown in transparency. Several subunits are indicated: chlorophylls are blue,
gap chlorophylls are cyan, Mg atoms are yellow spheres, P700 is shown in red, and other chlorophylls of the ETC are transparent green. 168 chlorophylls form
intricate ‘‘antennae,’’ which absorb photons and efficiently convey the excitation energy downhill to P700 in the heart of PSI. In P700, the energy is ‘‘trapped,’’
resulting in the charge separation reaction. For themajority of chlorophylls, the center-to-center distances to their nearest neighbor are in the range of 7–16 A˚. This
is a range in which fast excitation energy transfer is favorable (Fo¨rster, 1948). However, P700 is spatially separated from the core antenna of PSI by at least a 19 A˚
distance.
(B) The proposed theoretical model for the complete ETC. View parallel to the membrane plane. Plastocyanin is the electron donor for the reaction. The recog-
nition of plastocyanin is based on electrostatic interactions with PsaF and docking by Trp658/PsaA and Trp625/PsaB. Quantum of light induces the electron
transfer from reducedP700 through the chain of organic cofactors, two chlorophylls (green) and phylloquinone (blue), organized in two highly symmetric branches
(A and B branch). From phylloquinone, electron is transferred to three Fe4S4 clusters, FX, FA, and FB (yellow-red spheres). FB is the electron donor for an oxidized
ferredoxin (red) sitting in its proposed docking site assembled by the three stromal subunits PsaC, PsaD, and PsaE (shown in cartoon and gray surface).P700 is oriented nearly perpendicular to the membrane plane,
forming a stacked dimer of chlorophylls. Activated P700*
reduces the primary electron acceptor (E’m of 1000 mV),
following the chlorophyll monomer as it is shown in Figure 6B.
It is noteworthy that recently Holzwarth et al. (2006) proposed
an alternative mechanism, where not only P700 but also acces-
sory chlorophylls function as the primary electron donors. This
hypothesis was based on investigating intact PSI particles by
ultrafast transient absorption measurements from C. reinhardtii
cells and trap-limited charge separation kinetics on Arabidopsis
thaliana (Slavov et al., 2008).
Figure 6B demonstrates that from P700 the electron is trans-
ferred through two accessory chlorophylls to one of two clearly
resolved phylloquinones (E’m of 800 mV). The phylloquinones
are related by a pseudo-two-fold symmetry axis, such that the
orientations of their headgroups and the interactions with the
protein are similar. Following sites are formed by the three
Fe4S4 clusters (FX, FA, and FB), which complete the ETC. The
terminal FB cluster, coordinated by subunit PsaC (Dunn and
Gray, 1988), reduces the ferredoxin that occupies its proposed
‘‘tightly PSI-bound’’ docking site, formed by PsaC, PsaD, and
PsaE as it is proposed in Figure 6B. In the last step of the mech-
anism, oxidized P700 receives an electron from plastocyanin,
bound to the luminal side of PSI. And so transmembrane light-
induced electron transport is completed and this is the essence
of PSI activity.
Figure 6B demonstrates that cofactors forming the ETC are
arranged in two quasi-symmetrical branches and Figure 6A646 Structure 17, May 13, 2009 ª2009 Elsevier Ltd All rights reserveshows both branches spatially separated from the core
antenna of the core complex. The presence of two symmetrical
cofactor branches in PSI raises the question of whether one or
both are active in an electron transport under physiologically
relevant conditions (Breton et al., 1999; Brettel and Leibl,
2001; Dashdorj et al., 2005). Site-directed mutations of the
PsaA branch in cyanobacteria were shown to markedly alter
the kinetics of the electron transfer, whereas mutations of the
PsaB branch yielded kinetics and spectral properties, essen-
tially undistinguishable from the wild-type (Xu et al., 2003a,
2003b; Cohen et al., 2004). It was therefore concluded that
most of the electron transfer takes place on the PsaA branch
in prokaryotes. However, some involvement of the PsaB phyl-
loquinone in the electron transport is also supported (Bautista
et al., 2005).
A sequence comparison between PSI complexes from cyano-
bacteria, green algae and higher plants reveals that all amino
acids that are involved in axial coordination of the ETC cofactors
are strictly conserved. Against the background of the high
sequence similarity, studies on eukaryotes found evidence of
significant PsaB branch activity as well (Joliot and Joliot, 1999;
Guergova-Kuras et al., 2001; Muhiuddin et al., 2001; Fairclough
et al., 2003). In addition, picosecond optical spectroscopy indi-
cated that PsaA and PsaB branches are equally active in the
electron transfer of eukaryotic PSI-LHCI (Ramesh et al., 2004).
Structural elements, which instigate these questioning differ-
ences of the most important functional part of PSI, are still
a matter of debate and yet to be discovered.d
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In recent years, advances in spectroscopy, biochemistry, and
molecular genetics have fueled research on PSI. The 3.4 A˚ reso-
lution structure of a plant PSI-LHCI supercomplex validated
most of these essential studies, providing a wealth of further
information that we have reviewed here. The general structural
arrangement of this remarkable evolutionary innovation, which
was designed over 3.5 billion years, is now unraveled, and func-
tions of most of the protein and cofactor components have been
elucidated. This may be a critical starting point for addressing
new questions related to regulatory mechanisms, dynamic inter-
actions, and the supramolecular organization of PSI-LHCI in the
membrane. We believe that a major source of information for
understanding these key processes over the next years will be
the solution of cocrystallized structures of PSI-LHCI with other
partners of the photosynthetic machinery, such as LHCII, ferre-
doxin, FNR, and plastocyanin. Together with the high resolution
structure of the plant PSI-LHCI supercomplex, these projects,
although incredibly challenging and time consuming, will provide
a useful platform for structure-based functional experiments that
will shed light on some of the fundamental processes of plant
photosynthesis. Recent methodological and instrumental
advances in the X-ray crystallography field have now maximized
the chances of obtaining high-quality structural information of
large complexes from weakly diffracting crystals with large
asymmetric units, making these desirable explorations possible.
Therefore, we step into the exciting era of new discoveries and
unraveling the secrets of the most efficient photochemical
machine in nature—PSI.
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